The copepods Calanus finmarchicus and C. helgolandicus co-exist in the North Sea, 3 but their spatial distribution and phenology are very different. Long-term changes in their 4 distributions seem to occur due to climate change resulting in a northward extension of C. 5 helgolandicus and a decline of C. finmarchicus in this region. The aim of this study is to use life-6 stage structured models of the two Calanus species embedded in a 3D coupled hydrodynamic-7 biogeochemical model to investigate how the biogeography of C. finmarchicus and C. scenario suggest that in a warmer future, C. finmarchicus is likely to decline and C. 21 helgolandicus abundance will probably continue to increase in some areas. 22 23
INTRODUCTION 27
The North Sea is a continental shelf system located in the North-East Atlantic Ocean 28 and sustains a large fishery (Mackinson and Daskalov, 2007) . The two copepods Calanus 29 finmarchicus and C. helgolandicus are considered key species in the ecosystem because they 30 serve as prey for commercially important fish species (Gaard and Fromentin, 1996). Since 1980, the spring phenology of temperature is advanced by 2.08 days 36 per decade in the Northern Hemisphere (Burrows et al., 2011) and sea surface temperatures in 37 the North Sea have been observed to increase about 1.5°C (Philippart et al., 2007) . This is 38 believed to have implications for the geographical distribution and seasonality of zooplankton 39 (Mackas et al., 2012) . 40
Morphologically, the two Calanus species are difficult to distinguish. Their life cycle 41 includes eggs, six naupliar stages followed by five copepodite stages until maturation to the 6 th 42 copepodite stage, the adult stage. Despite these similarities, the two species differ in the 43 spatial distribution and phenology (Beaugrand et The stage-structured models are coupled to ERGOM through ingestion, egestion, 175 respiration and mortality except for the first stage that is non-feeding (Figure 2 ). Both Calanus 176 species are known to feed on both autotrophic and heterotrophic plankton prey (Maar et al., 177 2004 ). The size difference between the two Calanus species is not large compared to the size 178 range of prey and they will approximately have the same prey size spectra (Hansen et al., 179 1997) . We here choose the simplest assumption i.e. Calanus ingest autotrophic flagellates, 180 diatoms and microzooplankton with the same prey preferences. There is no diel vertical 181 migration of copepods in the model and this will be a topic for future model improvements. 182
Mortality rates of copepods control population abundance and biomass in the model, 183 but only slightly development rates (Stegert et al., 2007) . Daily mortality rates were based on 184 an annual study of mortality of C. helgolandicus in the English Channel (Hirst et al., 2007) who 185 supply general relationships between mortality and temperature and female C. helgolandicus 186 abundance. They found that mortality is highest for eggs and early naupliar stages 1-2 and 187 lower for the other naupliar stages and adults. There is no data on copepodite stages C1-C4, 188 8 but we use the same mortality as for adults in the model. For eggs to N2 we used the mortality 189 covers the whole northern model boundary, while influx is set to zero at the boundary in the 219 English Channel (Figure 4a ). C. helgolandicus is assumed to enter the North Sea through the 220 Fair Isle Current <0 o E at the northern model boundary and along the boundary in the English 221
Channel. No species specific data are available for Calanus spp. eggs, nauplii and C1 to C3 222 abundances and we use zero-gradient at the boundaries i.e. the abundance in the incoming 223 water is the same as inside the model domain. A small fraction of the adult population of both 224 species seems to overwinter in surface waters in some areas of the North Sea according to CPR 225 data from January (Figures 4c, d) . Therefore, C. finmarchicus is initialised using a constant 226 vertical abundance of 1.0 ind. m -3 in the deeper areas with a water column depth > 110 m 227 (Figure 1 ). C. helgolandicus is initialised using a function of abundance versus latitude based on 228 average January abundances from the CPR standard areas. The two Calanus species diapause 229 in the bottom layer of the Norwegian trench (Fransz et al., 1991) . We therefore use data from 230 the Arendal Station in the Skagerrak to force the seasonal vertical migration of the two 231
Calanus species. C. finmarchicus is set to ascend from diapause in the Norwegian Trench as 232 adults in February and as C4 to C5 from February to April (Figure 5b ). C. helgolandicus ascend 233 as C4, C5 and adults in April (Figure 5c ). C. finmarchicus has been reported to descend for 234 diapause at stages C5 to adults in late summer (Fransz et al., 1991) . This was included in the 235 model as a downward migration of 3 m d -1 from day 215 for stages C4 to adults based on CPR 236
data. An improved model description of seasonal vertical migration will be tested in future 237 model versions. 238 2.7. Model validation using CPR data 239 CPR data only distinguish between C. finmarchicus and C. helgolandicus at the two 240 final stages (C5 to adults), whereas stages C1 to C4 are considered as Calanus spp. This stage 241 separation is not consistent with our model structure. We therefore chose to compare the sum 242 of the model stages 'C4 to adults' with CPR data of 'C5 to adults' for each of the two Calanus 243 species. Model stages 'C1 to C3' of Calanus spp. showed similar patterns to that of 'C4 to 244 adults' and is not shown. Bulk zooplankton is validated in another study (Maar et al., 245 unpublished data). The simulated relative frequency of surface temperatures and of the two Calanus 305 species (nauplii to adults) at temperature intervals of 1°C ranging from 0 to 22°C from March 306 to October is shown in figure 7. Temperature showed a bimodal pattern with peaks at 6 to 7°C 307 and 14 to 17°C. Distributions of C. finmarchicus and C. helgolandicus were both dome-shaped 308 within the temperature intervals from 3 to 17°C and 4 to 19°C, respectively. Peak abundances 309 were found at 11 to 15°C and 11 to 16°C for C. finmarchicus and C. helgolandicus, respectively. Temperature also changed the seasonal pattern of both Calanus species (Figures 12  436   c, d ). At 2°C lower or higher temperatures, the first seasonal increase and peak-of-season were 437 delayed or accelerated, respectively, two to three weeks. Lower temperatures were beneficial 438 for both species during the late summer period. The 'growth-mortality' response to 439 temperature is dome-shaped for both species but with different temperature optima (Figure  440 3b). The temperature response will therefore be either on the downhill or up-hill side of the 441 16 response curve in the different areas and seasons dependent on temperature. For C. 442 finmarchicus, lower temperatures caused higher abundances in the north-western part; 443 whereas the opposite trend was found for C. helgolandicus (Figure 13a, b) . Furthermore, C. 444 helgolandicus increased in abundance in the central and north-eastern parts of the North Sea. 445
Overall, temperature (-2T and +2T) had a relatively small negative effect (1-2 percentage 446 points) on the ratio of C. finmarchicus to Calanus spp. abundance (Figure 10) . The model 447 seems to suggest that the timing, and not the overall abundance, of Calanus spp. is particularly 448 sensitive to temperature changes of ±2°C. 449
The scenario with combined effect of changes in inflow, initial abundances and lower 450 temperatures (-2TIB ) showed the strongest response in abundances of C. finmarchicus, while 451 C. helgolandicus mainly decreased in the boundary areas (Figures 13i, j) . This scenario resulted 452 in a ratio of C. finmarchicus to Calanus spp. of 72% that is in similar to the ratio based on CPR 453 data of 81% (±29% SE) (Figure 10 Chl a concentrations because the increased recycling of nutrients and primary production with 471 increasing temperature is counteracted by a higher grazing pressure (Maar and Hansen, 2011) . 472
The peak-of-season of both Calanus species occurred two to three weeks earlier at 2°C higher 473 temperatures (Figures 12b-c) . Likewise, long-term time-series from the North Sea showed 474 strong zooplankton phenology correlations with temperature where e.g. C. finmarchicus 475 occurred two to six weeks earlier at 2°C higher temperatures (Mackas et al., 2012) . Larval fish 476 phenology responds in the same direction as zooplankton prey to higher temperatures, but the 477 changes tend to be smaller by a factor of two leading to increased mismatch in a warmer 478 ocean (Beaugrand et (Figures 8 and 9) . CPR data has previously been used 545 to validate bulk zooplankton biomass in the North Sea (Broekhuizen et al., 1995) and was 546 found useful to assess future model developments in order to reduce errors and improve 547 model fit. CPR data has been criticised for underestimating the abundance of certain species, 548
for not being depth-resolved and not to cover all areas and months equally (Broekhuizen et al., 549 1995) . We tried to accommodate these issues by using CPR correction factors for under-550 sampling (Pitois and Fox, 2006) The simulated relative frequency with temperature of the two Calanus species shows 567 that Calanus does only really appear when the temperature is above 6°C in the North Sea and 568 they both peak at app. 11 to 16°C (Figure 7 ). In the North Atlantic, the distribution shows a 569 similar pattern for C. helgolandicus with maximum presence at 13 to 17°C (Bonnet et provides data on vertical and horizontal species distributions. However, extrapolation of point 586 sources vertically, horizontally and seasonally is presumably associated with an unknown error 587 and should therefore be used with caution. 588
Alternatively, ecosystem models can provide 3D zooplankton prey fields with a high 589 temporal and spatial resolution. However, they often consider bulk estimates without species-590 or size specific resolution that are crucial for feeding of fish larvae (Munk, 1997) North Sea (Heath et al., 1997) . The approach of using life-stage models has, however, been 599 criticized for unrealistic ingestion of phytoplankton, lack of boundary data and increase in 600 model complexity . On the other hand, the advantage is that life-stage 601 models coupled to ecosystem models provide high temporal-spatial resolution prey fields of 602 size-structured key species that is directly coupled to climate forcing. The modeled spatial 603 patterns of the two Calanus species were quite different from that of the bulk 604 mesozooplankton (Figures 6d-f 
